Abstract. Global developmental delay (GDD) affects ~1-3% of children, many of whom will also have intellectual disability (ID). Fragile X is the major genetic cause of GDD with mental retardation (MR) in males, accounting for ~20% of all X-linked MR. As Fragile X has serious genetic implications, the overwhelming majority of developmental delay (DD) cases referred to our laboratory are concerned with the exclusion of a diagnosis of Fragile X, along with simultaneous karyotype analysis to confirm chromosome aberrations. Critically, molecular laboratories have generally experienced a falling positive detection frequency of Fragile X. In this context, the recent implementation of array-based techno logy has significantly increased the likelihood of detecting chromosome aberrations that underpin DD. In the current study, we report a Fragile X mutation detection frequency for DD referrals that is comparable with the falling UK detection frequencies. In addition, we find that there is a 9-fold greater likelihood of detecting clinically significant chromosomal aberrations than of detecting a full Fragile X mental retardation 1 (FMR1) gene CGG repeat expansion in cases referred on the basis of DD. We propose a more efficent sequential testing algorithm that involves an initial molecular karyotype, cascading to FMR1 gene analysis in the event of a negative result.
Introduction
Global developmental delay (GDD) affects ~1-3% of children, many of whom will also have an intellectual disability (ID) (1) . The evaluation of children with developmental delay (DD), dysmorphic features and even autistic spectrum disorder has improved as a result of laboratory testing. Many children with DD do not have physical features or medical histories specific enough for a clear diagnosis. Among such patients, laboratory testing may be extremely helpful, and is an integral part of diagnostic evaluation (2) . Critically, ~30% more males than females are affected by GDD/ID, highlighting an underlying gender bias (3) .
Chromosomal aberrations are the most common cause of GDD/ID. Historically, the majority of cases referred to a diagnostic laboratory have been analysed using G-banded karyotyping, which detects microscopic genomic abnormalities (>5-10 Mb) including inversions, duplications, deletions, balanced and unbalanced translocations and aneuploidies. G-banded karyotyping is also able to detect levels of mosaic imbalances >10%.
Implementing array-based technology in place of traditional G-banded karyotyping has increased the frequency of diagnosis among individuals with DD. A recent report documented that in patients with GDD and/or ID, array testing (also known as molecular karyotyping) is diagnostic in ~8% of cases, with G-banded karyotyping accounting for ~4% (1) .
Against the above background, Fragile X is considered to be the most common inherited disorder to cause DD and accounts for ~20% of all X-linked GDD/ID (4). Consequently, array-based analysis or G-banded karyotyping together with simultaneous Fragile X testing is routinely requested for cases referred on the basis of GDD/ID.
The documented incidence of Fragile X among males is 1 in 5161 (5). Classically, affected males have an IQ <70 (6,7), macroorchidism after puberty, macrocephaly, a long face with a prominent forehead and chin, large ears and other connective abnormalities, including hyperextensible finger joints, flat feet, mitral valve prolapse, hypotonia, soft skin and a high arched palate (8, 9) . The prevalence of Fragile X syndrome in females is approximately half that found in males. Females generally have milder symptoms, ranging from asymptomatic to severely affected. At least 50% of affected females have IQ scores in the borderline to ID range.
The Fragile X mental retardation 1 (FMR1) gene, which encodes the Fragile X mental retardation protein (FMRP), carries a polymorphic trinucleotide CGG repeat within the 5'-untranslated region (UTR). The repeat number varies between 5 and 54 repeats in the normal population. When this polymorphic repeat expands, it is most likely due to slipped-strand mispairing during DNA replication (10) .
Repeats of 45-54 fall within the intermediate range. These repeats may be stable or increase from one generation to the next; however, it is very unlikely that they will increase to a full mutation in a single generation. There has been some interest in intermediate repeats and their link with autism/parkinsonism (11) (12) (13) (14) , but these data require confirmation.
CGG repeats of 55-200 fall within the premutation range. When maternally transmitted, these may expand to a full mutation with different risks determined by the repeat number; 55-59 repeats have a 3.7% risk of expansion to a full mutation, whereas repeats of 140-200 have a 100% risk (15) . Males and females with premutations may present with Fragile X-associated tremor/ataxia syndrome (FXTAS), usually affecting males >50 years of age (16) . Females carrying a premutation are at an increased risk (~20%) of developing Fragile X-related premature ovarian insufficiency, which usually occurs before 40 years of age (17) .
If the number of repeats is >200, it leads to hypermethylation of the repeat sequences and the adjacent promoter region of the gene. This induces local chromatin condensation that prevents the binding of transcription factors and the basal transcriptional machinery, which leads to transcriptional silencing of the gene. Critically, FMRP plays a role in mRNA transport and translation and, as a consequence, brain development (18) .
Complete analysis of the FMR1 gene for Fragile X syndrome requires sizing the expanded CGG repeat in the 5'-UTR region, and determining the methylation status of this locus. Historically, the gold standard of testing has involved PCR amplification and subsequent sizing to determine the CGG repeat number, together with complementary Southern blotting following methylation-sensitive restriction enzyme digestion. This combined approach detects the vast majority of abnormalities within the FMR1 gene (<1% of individuals with Fragile X syndrome have a partial or full deletion of the FMR1 gene).
Due to the high incidence of DD within the population, testing for Fragile X represents a significant portion of a molecular laboratory's workload. The UK Genetic Testing Network (UKGTN; http://www.ukgtn.nhs.uk/gtn/Home) has reported that 17% of all tests requested of a molecular laboratory are for Fragile X. Furthermore, molecular laboratories have experienced a falling positive detection rate. UK data revealed a 3% positive frequency in 1993 (with only 50% of tests being for children <6 years) compared with a 0.6% positive frequency in 2008 (19) . The UKGTN has implemented specific testing criteria for male and female children to increase the testing efficiency of Fragile X in UK laboratories (http://www.ukgtn. nhs.uk/gtn/What_s_New?contentId=434).
Currently, our own laboratory is experiencing referrals for simultaneous molecular karyotyping and Fragile X testing.
With increasing clinical laboratory workloads we thought it prudent to review our detection frequencies for both Fragile X and molecular karyotyping in light of the falling detection frequencies for the former experienced in the UK, but with an increase in detection frequencies for the latter. The combination of the two data sets has informed our in-house testing algorithm in achieving efficiency, lowering labour costs and increasing detection frequencies.
Materials and methods

DNA extraction of blood samples.
A total of 2,046 peripheral blood EDTA samples were collected from patients referred for Fragile X testing over 4 years (2008) (2009) (2010) (2011) . DNA was extracted using the Gentra ® Puregene ® Blood kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The data reported in the present study involved the confirmation of a clinical diagnosis on the referral to our public hospital laboratory following routine informed consent procedures, and as such are excluded from formal ethics committee approval. One microliter neat and 1:10 dilutions of the PCR samples were subjected to capillary electrophoresis using an 3130xl Genetic Analyser and GeneScan™-600 LIZ Size Standard (Applied Biosystems, Foster City, CA, USA). All PCR sample batches included one pooled 'process control'. The process control was generated using components B, D, F and H from the National Institute of Standards and Technology (NIST; Gaithersburg, MD, USA) Fragile X human DNA triplet repeat standard (reference CGG repeat sizes of 30, 51, 73 and 96). Fragment analysis was performed using GeneMapper Southern blotting. Southern blotting was undertaken in the event of apparent female homozygotes, males exhibiting apparent null alleles by PCR, samples falling within the premutation range, or referrals with a family history of an FMR1 gene CGG repeat expansion. Briefly, 10 µg genomic DNA was digested with EcoRI and NruI and electrophoretically separated in a 0.8% agarose gel containing 1X Tris-borate-EDTA (TBE) Ultrapure (Life Technologies, Grand Island, NY, USA) at 30 V for ~20 h. Following DNA transfer, the membranes were hybridized with a digoxigenin (DIG)-labelled FMR1 gene-specific genomic probe, StB12.3. Detection was performed with anti-DIG-alkaline phosphatase (AP) conjugate and the chemiluminescence substrate CSPD.
CGG repeat analysis. The analysis of the CGG repeat of the
G-banded karyotype. Cytogenetic G-banded karyotype analysis was requested for 782 of the 2,046 patients.
Phytohaemagglutinin-stimulated peripheral blood cultures were synchronized and harvested according to modified methods (20, 21) with thymidine added after 48 h (working solution 30 mg/ml) and 2-deoxycytidine (working solution 10 µM) after 64 h of incubation. Harvesting followed 5-5.5 h later with colcemid (10 µg/ml), 0.4% KCl and fixative (3:1 methanol/glacial acetic acid) treatments. Slides were G-banded using trypsin and Giemsa staining.
Molecular karyotype. Genomic DNA was isolated from the peripheral blood of 443 patients using the Gentra Puregene Blood kit (Qiagen) according to the manufacturer's instructions. Genomic DNA (0.1 µg) was labelled using the Affymetrix Cytogenetics Reagent kit and labelled DNA was applied to an Affymetrix Cytogenetics 2.7 M array according to the manufacturer's instructions. The array was scanned and the data analysed using the Affymetrix Chromosome Analysis Suite (ChAS; version 1.0, Santa Cruz, CA, USA). Threshold settings of 200 and 400 kb were used to report deletions and duplications, respectively.
Results
FMR1 gene testing of cases referred for Fragile X testing.
A total of 2,046 samples were referred to our laboratory for Fragile X mutation analysis over a 4-year period (2008-2011). The majority of cases were referred by clinical geneticists and paediatricians on the basis of DD, and many of these were referred for simultaneous karyotype analysis and FMR1 gene testing. Our current FMR1 gene testing strategy involves initial fluorescent PCR followed by Southern blotting if required. Samples that cascade to Southern blotting include apparent homozygous females (which may be true homozygotes or have an amplification product which is beyond the size that our PCR method is able to detect; currently this is ~150 CGG repeats), null males (indicative of an expansion beyond our PCR limit), premutation samples (which may be mosaic for a full expansion) and familial cases. Sixty abnormalities were detected (Fig. 1) . These included premutations (55-200 CGG repeats), full mutations (>200 CGG repeats) and chromosomal abnormalities (4 with Klinefelter syndrome, 1 with Turner's syndrome and one case of 45,X [14] /46,X,idic(X)(q22.1)[36]). Excluding the chromosomal aberrations, 54 FMR1 gene abnormalities were identified and of those, 74% had a family history of Fragile X syndrome. In total, 13 patients had a CGG repeat expansion >200 in the FMR1 gene with no known family history (3 females and 10 males), which corresponds to a mutation detection frequency of 0.6% over the 4-year period of our study.
G-banded karyotype analysis.
Of the 2,046 samples, 782 included a simultaneous G-banded karyotype. Of these, we detected clinically significant abnormalities in 13 cases not identified by FMR1 gene analysis, which represents a detection frequency of 1.7%. Table I summarises the karyotypes together with the concordant negative FMR1 gene results. In addition to the abnormalities, we also detected five balanced innocuous translocations (data not shown).
Molecular karyotype analysis.
During the last 18 months, our testing criteria for DD cases have been updated to include a molecular karyotype, rather than a G-banded karyotype, in addition to FMR1 gene analysis. To date, 443 cases referred for DD have been tested for both CGG repeat expansion in the FMR1 gene and chromosomal aberrations using an Affymetrix Cytogenetics array. We detected clinically significant imbalances in 24 cases, which represents a detection frequency of 5.4%. Table II summarizes the karyotypes and the affected loci together with the concordant negative FMR1 gene results. In addition to the clinically significant imbalances, we detected 66 cases with imbalances of uncertain significance and 11 cases with long contiguous stretches of homozygosity, which accounts for a further 17% of all patients (data not shown). 
Discussion
The overwhelming majority of Fragile X tests referred to a diagnostic laboratory are to exclude the diagnosis of this condition. Our data reveal a mutation detection frequency comparable with the UK detection levels of 0.6%. The reduced positive detection level has been attributed to a combination of factors including: earlier presentation of children with DD at a level inappropriate for Fragile X; lack of physical features consistent with Fragile X due to the earlier age of presentation; and an urgency for diagnosis/exclusion of Fragile X in the parents of younger children (19) . Of 54 cases with an FMR1 gene abnormality, 40 (74%) had a family history of Fragile X syndrome. Of these, 13 carried a CGG repeat expansion >200 [2 chorionic villus samples (CVS), and 7 females and 4 males with an age of presentation between 3 months and 34 years]. A further 27 cases were referred with a family history, but carried a premutation (19 female and 8 male samples). Only one male, who was referred based on clinical features of autistic spectrum disorder and DD, carried a premutation with no known family history of Fragile X. It is likely that this expansion is not causative of his clinical features but represents the carrier frequency of this mutation in the general population (1/800; http://www.fragilex.org/ fragile-x-associated-disorders/prevalence/). Additionally, we identified 26 cases with CGG repeats in the FMR1 gene that fall within the intermediate range (accounting for 1.3% of our tested population), which correlates with the reported population frequency of ~2%.
Importantly, there is a 9-fold greater chance of detecting a chromosomal aberration of clinical significance using a molecular karyotype approach than of detecting a full CGG repeat expansion in the FMR1 gene in cases with DD [24 of 443 cases (5.4%)]. This mutation detection variance may be higher as we have excluded long contiguous stretches of homozygosity (suggestive of autosomal recessive mutations) and results of unknown clinical significance, which account for a further 17% of all DD referrals.
Our data support three principal conclusions. Firstly, that Fragile X testing is an inappropriate first-tier test for DD referrals with no known family history of Fragile X. Secondly, a greater diagnostic yield is provided by a molecular karyotype. Finally, a more efficient testing procedure is to perform molecular karyotyping first, reverting to FMR1 gene analysis in the case of a negative molecular karyotype result.
With the emergence of next generation sequencing, many laboratories are now also able to provide whole-exome or X chromosome exome sequencing for DD referrals, which may prove to be a relevant second-tier test due to its higher mutation detection frequencies, thereby relegating FMR1 gene analysis to a third-tier test. We propose that in this new era, FMR1 gene analysis should only be used as a first-line test for cases with a known family history or clinical features strongly suggestive of Fragile X.
